Abstract: Quantitative analytical framework for investigating the relationship between the design of 3D products and subjective impressions regarding shapes was developed by using a combination of spherical harmonics (SPHARM) and multivariate analysis. SPHARM is a parametric surface description that uses spherical harmonics as its basic function. The shape of liquid soap bottles was focused as a typical example of 3D product design. We converted 3D surface data on shape of 22 liquid soap bottles into multivariate coefficients using SPHARM, in order to extract their major morphological features. Then, we performed a principal component analysis of these coefficients. The extracted morphological features were related to the aspect ratio in the frontal plane, thickness and roundness. Subsequently, participants rated their subjective impressions of bottle shapes on a semantic differential scale. We examined relationships between major morphological features of bottles and their subjective impressions. Results indicated that this methodology is effective for appreciating the positioning of a product's shape design, as well as for systematically understanding the correspondence between shapes and subjective impressions of products.
INTRODUCTION
It is difficult to sample products such as body soap, shampoo, or cosmetics before purchasing, which limits the extent to which consumers are able to judge the appropriateness of product quality. Package design is an important feature that enables judgments regarding product quality. If a package could reflect the quality of a product, even consumers that have not bought the product would understand its properties. Thus, it is important that cosmetic packages conform to requirements of target consumers.
One important aspect of designing a container for products such as cosmetics is its shape, which is an equally important design element as the color. However, it is more difficult to quantitatively assess shapes than colors. Therefore, it is difficult to reflect a product concept to the design of the shape based on an engineering approach. To date, shapes have been generally treated as category variables and analyzed by using multivariate analysis methods such as quantification theory in the field of kansei engineering [1] . However, developing appropriate categories that fully include differences between complex shapes, and then comparing them objectively is difficult. Conventional methods of shape analysis cannot be used for handling complex shapes. As a result, in many cases, shapes of containers have been analyzed and designed by relying on the designer's experience and knowledge. The present study was designed to solve these difficulties by using data on 3D shapes and a 3D surface compression technique.
Recent advances in 3D scanning have enabled the acquisition of rich 3D morphological data quickly and inexpensively. Such data might provide clues for interpreting and producing 3D designs. However, raw shape and trajectory information obtained from 3D scanners are generally very large and too complex to interpret. Thus, proper analytical techniques are required to quantify complex 3D shapes.
Methodologies for describing 3D shapes fall into landmark-based, or contour-based approaches [2] . Landmark-based approaches generally use coordinate values of a small number of landmark points of interest [3, 4] . However, defining "homologous" (or corresponding) landmarks across different 3D shape designs is difficult. On the other hand, contour-based approaches consider the shape as an arbitrary spatial distribution function that is mathematically represented as a sum of known polynomial functions [5] [6] [7] . Therefore, these approaches do not require any landmark points. Since these contourbased approaches are generalizations of conventional Fourier series expansion toward arbitrary basis functions, coefficients can be used to describe the general conformation of the shape of interest at different spatial scales, with lower-order coefficients portraying the rough conformation and higher-order coefficients representing information at a higher frequency. Therefore, contourbased approaches allow re-synthesis of a shape at arbitrary spatial frequencies by using these coefficients.
Spherical harmonics (SPHARM) is a typical analytic framework among contour-based approaches for modeling three-dimensionally connected objects [8, 9] . SPHARM has been applied to the analyses of biological shapes, including the human brain [10, 11] , and cells [12] [13] [14] . This study employed SPHARM to objectively comprehend the positioning of the container design of a certain product in a variety of product designs based on scanned 3D data. Furthermore, we examined the relationship between shapes of products and the subjective impressions created by the products.
SPHARM comprises two steps: spherical parameterization, and SPHARM expansion. The first step of SPHARM is to create a continuous and uniform map from genus zero surface of an object to the surface of a unit sphere resulting in bijective mapping between each point v on the object surface and spherical coordinates θ and φ. T are the coefficients with respect to the SPHARM basis, which are obtained by using a least squares adjustment to a shape [15] . The number of SPHARM basis functions that are used to represent the original shape is determined by the parameter, L max , which is the user-defined maximum degree of the SPHARM expansion. Based on the coefficients c l m up to a userspecified maximum degree L max , the surface model v ˆ is given by
The greater the value of L max , finer is the surface modeling. Using the abovementioned procedure, the surface of an object is converted into the coefficients c l m , which can be statistically analyzed.
ANALYSIS OF BOTTLE SHAPES

Measurement
Twenty two products were selected for analysis from liquid soap bottles having a relatively high market share, or a unique shape, from among those that are currently marketed, or have been marketed in Japan in the past (Samples A to V). Only those with a one-drop dispenser were analyzed, whereas pump-foamer liquid soaps, which feature extremely different shapes, were omitted from the analysis. Note that samples C, I, and L are products having particularly large market shares.
The target bottle shapes were scanned with an optical 3D digitizer (ATOS Core 300) and represented by point groups having more than 100,000 points. The dispenser part was eliminated from the total shape data, and the data were down-sampled to 5,000 points ( Figure 1 ).
Since spherical harmonic coefficients are influenced by location, size and orientation, as well as shape, we performed shape alignments by placing the centers of gravity of surface points that compose the shape of each bottle in an identical location. The sizes were normalized so that the sums of the square of the distance from the center of gravity to each coordinate point of each bottle were equal. The orientations of the bottles were aligned so that the fronts of the bottles where the product labels were displayed and the basal planes of the bottles were parallel.
Surface Modeling
To construct SPHARM models of the bottles, we performed spherical parameterization on the bottle surface data using Control of Area and Length Distortions (CALD) algorithm [9] implemented in the SPHARM-MAT Matlab toolbox [15] . Next, we performed SPHARM expansion. We set L max = 35 to describe an appropriate amount of detail of the bottles (Figure 2 ). This resulted in (L max + 1) 2 = 1296 coefficients c l m for each bottle (i.e., the 67.0%). We used up to the third PC, and PC scores of each bottle up to the third PC are shown in Figure 3 .
To interpret the PCs, the mean shape of the bottles and the changes of bottle shape along each PC were synthesized based on PC loadings (these correspond to −3SD, −SD, mean, +SD, and +3SD of the theoretical values along each PC: See Figure 4) . The first PC corresponded to the aspect ratio of a bottle on the frontal plane. Moreover, the first PC was related to differences in the shape of a bottle's bottom (whether the bottom swelled out or not), such that higher was the PC score, lower was the swelling and more cylindrical the shape. The second PC was related to the thickness of a bottle, such that higher was the PC score, flatter was the shape. The third PC was related to whether the bottle appeared round on a horizontal plane, and whether its top was constricted. These results suggest that the three PCs could represent shape variations of the bottles. In this study, this three dimensional space was termed "the shape space." Bottles of products having a high market share (Samples C, I, and L) were in a very close position within the shape space (Figure 3 ).
ASSESSMENT OF SUBJECTIVE IMPRESSION
Participants' subjective impressions regarding shapes of bottles were assessed to examine the impact of different shapes on subjective evaluations. Outputs of surface shape data of the bottles ( Figure 1 ) were used with a 3D printer to eliminate the impact of colors and labels of the bottles on participants' impressions. University students (N = 39, 29 men and 10 women, Mean age = 19.9, SD = 0.1) participated in the study to evaluate impressions of bottle shapes. Models of the bottles were constructed using the 3D printer (FORTUS 360 mc) with a lamination pitch of 0.25 mm, which were used as stimuli. The stimuli included the dispenser part of the bottle, which had been removed in the shape analysis ( Figure 5) , to clarify to the participants that the bottles were liquid soap bottles. The 3D printed bottles were composed of milky-white polyethylene resin.
Participants evaluated their impressions of the bottles using a 7-point scale and bipolar evaluation term pairs for 19 items (Table 1) , which had been used in our previous study [16] . In order to avoid order-effects, participants held each stimulus in their hands before the evaluation and assessed them one at a time. Then they responded using the evaluation sheets that were provided. The order of stimuli and the evaluation term pairs were randomized. All the participants completed their evaluation within 20 minutes.
RESULTS AND DISCUSSION
Mean values of each evaluation item for each bottle were obtained and PCA was performed on the mean scores to summarize the impression evaluations. The contribution coefficients of the first and second PCs were high. Therefore, these were examined in more detail (PC1: 53.0%, PC2: 20.1%, cumulative contribution coefficient: 73.1%). We termed the spaces based on these PCs "impression spaces." Figure 6 shows PCs loadings for each evaluation term. It can be seen from the figure that the first PC showed high loadings for pairs of "Unique -Ordinary," "Fresh -Stale," "Modern -Antique" and "Showy -Homely," suggesting that the first PC is related to the sense of novelty of the bottles. The second PC appears to be related to reliability of the product, because the loadings of the evaluation term pairs including "Intimate -Inaccessible," "Reliable -Treacherous," and "Gentle on skin -Bad for skin" were high for the second PC. Moreover, the loadings of "Cute -Not Cute" and "Beautiful -Ugly" also showed high loadings indicating that the second PC is related to positive/negative evaluations.
To examine relationships between shape space and impression space, the coefficients of correlation of the first and second PC scores for each bottle in impression space with the first to third PC scores of shapes were plotted in Figure 6 and superimposed with the values obtained by multiplying the coefficients of correlation by −1. The lines linking them show the correspondence relationship between changes in the PC of shape spaces with impressions. Figure  6 indicate that the high first PC was positively correlated with impressions that are strongly linked to properties of products, such as "Reliable" or "Gentle on the Skin." In contrast, both the high second PC score and the low third PC scores were negatively correlated with impressions that are weakly linked to properties of products, such as "Cute," "Light," or "Beautiful."
Certain evaluations such as "Unique," "Fresh," and "Modern" were not clearly linked to shape variations along PCs. This might be partially because higher shape components were not considered in this study. If more dimensions of shape, space and impression space were used, it might have been possible to examine correspondence relationships between shapes and impressions in more detail. Moreover, certain impression evaluations could not be explained by shape variations, possible because of the nonlinear relationship between shapes and impressions. In future studies, it would be necessary to consider the nonlinearity of the effect of shape on impression evaluations.
CONCLUSIONS
A model of 3D surface shape representations of product design was developed based on SPHARM. We examined the validity of this method for quantitatively and comparatively investigating shapes of designs. We analyzed complex 3D shapes with SPHARM and performed a PCA to extract principal morphological elements that characterized differences in container shapes of different products. Moreover, we examined the relationship between shapes and subjective impressions of shapes using semantic differential scales, which indicated a relationship between complex shapes and different impressions.
The results of this study suggest that combined analysis of 3D product shapes by using SPHARM, multivariate analysis, and the evaluation of subjective impressions would be useful to objectively appreciate the positioning of the shape design of a given product among different product designs (Figure 3) , and for systematically understanding the correspondence relationship between the shape of a product and the subjective impressions created by the shape (Figures 4 and 6 ).
It is suggested that the framework of this study can be applied not only for analyzing the shapes of bottles, but also for analyzing the design of any product shape, as long as the shape does not contain any holes. Thus, this method is expected to facilitate shape synthesis, enabling the design of shapes that would differ in the strength of specified subjective impressions. This method would also enable output of the shape in 3D-CAD format, or actually molding it with 3D printers. Therefore, the proposed methodology could become an effective method of supporting the design process of packaging to reflect properties and the image of a product. 
